The ability of trees to cope with climate change is a pivotal feature of forest ecosystems, especially for rear-edge populations facing warm and dry conditions. To evaluate current and future forests threats, a multi-proxy focus on the growth, anatomical and physiological responses to climate change is needed. We examined the long-term xylem adjustments to climate variability of the temperate Quercus robur L. at its rear edge and the sub-Mediterranean Quercus pyrenaica Willd. Both species coexist at a mesic (ME, humid and warmer) and a xeric (XE, dry and cooler) site in northern Spain, the latter experiencing increasing temperatures in recent decades. We compared xylem traits at each site and assessed their trends, relationships and responses to climate . Traits included basal area increment, earlywood vessel hydraulic diameter, density and theoretical-specific hydraulic conductivity together with latewood oxygen (δ 18 O) stable isotopes and δ
Introduction
Trees have faced rapid environmental changes during the last decades, which may challenge their long-term persistence (Aitken et al. 2008) . As a result, tree individuals and populations need to adjust their functioning to cope with climate variability (Parmesan 2006) . These adjustments lead to trait variations as a consequence of long-term adaptation through changes in the genome, and short-term acclimation processes through individual phenotypic plasticity or a combination of them (Savolainen et al. 2007 , Matesanz et al. 2010 , Ramírez-Valiente et al. 2010 , Arend et al. 2011 ). Higher phenotypic plasticity or acclimation, defined as the change of trait values under different environmental conditions for a given genotype (Valladares et al. 2006) , might be expected to favor tree performance in xeric environments (Nicotra et al. 2010) . However, other studies have found that reduced plasticity would be more beneficial under severe drought conditions (e.g., Bongers et al. 2017) .
In Mediterranean forests, trees have developed effective strategies to resist seasonal water deficit, either through drought avoidance or tolerance. One of the most immediate responses of trees to water deficit is a reduction in transpiration to save water and to maintain water potential within tolerable limits through stomatal regulation, but there are also species that maintain transpiration rates for longer under drought even under decreasing leaf water potential (Tardieu and Simonneau 1998) . Both strategies tend to maximize the carbon assimilation (Mencuccini 2003) to water loss ratio or water-use efficiency (hereafter iWUE, Fischer and Turner 1978) , but water-saver species frequently show greater iWUE with respect to water-spender species (e.g., Klein et al. 2013 ). Since iWUE is related to the stomatal control of transpiration, which is linked to stem hydraulic conductance, iWUE should be linked to xylem anatomy (Nardini and Salleo 2000, Klein 2014 ). Xylem anatomical traits can further be used to indirectly assess safety against xylem embolism, often associated with reductions in lumen conduit area (Hacke et al. 2006) . Further, alterations in photosynthetic rates and hydraulic conductance may shift secondary growth rates, which can influence tree survival and long-term fitness (Becklin et al. 2016) . Although covariation among growth, hydraulic traits, stomatal conductance and iWUE have been observed (Panek 1996 , Ponton et al. 2001 , Santiago et al. 2004 , Brodribb et al. 2007 , the changes in the correlation structure among traits (i.e., phenotypic integration) as a response to climate stress is, in many cases, still unclear (e.g., Gianoli 2004 , Valladares et al. 2007 .
To shed light onto the long-term performance of tree species under increasing climate stress (e.g., warmer conditions as predicted across the Mediterranean Basin, IPCC 2014) it is thus important to study xylem traits linked to hydraulic conductance and iWUE, which can be retrospectively quantified and related to growth (Dudley 1996 , Ramírez-Valiente et al. 2011 , Kimball et al. 2012 . Moreover, the understanding of whether current tree populations will be able to survive under such stress is especially relevant regarding those populations forming the climatic or biogeographic distribution limits (e.g., the southernmost or rear edge, Jump et al. 2006) . Growth sensitivity to warming is likely to be higher at the dry-edges of the species distribution where trees usually live at the limit of their physiological tolerances (Hampe and Petit 2005) . Hence, the comparison of functional trait variability in tree populations subjected to optimal (mesic) and stressful (xeric) conditions may help in predicting the species' responses to future climate variability in different areas of the species distribution Valladares 2014, Valladares et al. 2014) . For example, Mediterranean oaks have been shown to have morphological and physiological traits that enable them to withstand an ample range of climate conditions (Gratani 2014) , but the coexistence of drought-resistant vs drought-sensitive tree species can be subject to the replacement of the sensitive species by the resistant ones under increasing stress (Bréda and Badeau 2008) .
Here we investigate the performance of two coexisting oak species, the drought-resistant Pyrenean oak (Quercus pyrenaica Willd) and the, comparatively, drought-sensitive pedunculate oak (Quercus robur L.) in a mesic and a xeric forest from northern Spain and how they have faced recent warmer climate at the xeric site. For this purpose, we compared their radial growth and other xylem traits related to hydraulic conductivity and water use, from 1960 to 2008, including radial growth quantified as basal area increment (BAI), earlywood xylem anatomy (vessel hydraulic diameter, density and theoretical specific hydraulic conductivity abbreviated D h , VD and K s , respectively) together with latewood oxygen (δ 18 O) stable isotopes and δ 13 C-derived water-use efficiency (iWUE), here regarded as proxies for physiological performance. We addressed the following questions: (i) in which site does each oak species has a better performance; (ii) which is the oak species most adversely affected by climate warming; and (iii) which are the relationships of xylem traits with growth and climate conditions? Given the more drought-resistant strategy of sub-Mediterranean Pyrenean oak compared with the more temperate pedunculate oak, and since stressful climate conditions for these oak species mainly involve high temperatures and low precipitation levels (Alla and Camarero 2012), we expect (i) a better performance of the pedunculate oak and the Pyrenean oak in the mesic and xeric forests, respectively; (ii) pedunculate oak to be more affected by recent climate warming at the xeric site; and (iii) growth, anatomical and physiological-related traits to be more intercorrelated at the xeric site, i.e., under more stressful climate conditions (Gianoli 2004 ).
Materials and methods

Study species and sites
Two coexisting winter-deciduous oaks forming ring-porous wood were selected for the present study: pedunculate oak (Q. robur L.) and Pyrenean oak (Q. pyrenaica Willd). Quercus robur is a temperate oak and it has its southwestern distribution limit in the Iberian Peninsula, while Q. pyrenaica is a sub-Mediterranean oak, restricted to SW Europe (W-NW Spain, C and N Portugal, SW France) and isolated sites in northwestern Morocco (Blanco et al. 1997 ; see Figures S1 and S2 available as Supplementary Data at Tree Physiology Online). Quercus robur is the tallest oak found in the Iberian Peninsula, where it reaches up to 40-50 m height, whilst Q. pyrenaica has a maximum height of 20-25 m, having a characteristic resprouting capacity. These two species coexist and may hybridize (Olalde et al. 2002) . Budburst occurs in April-May in Q. robur and in May-June in Q. pyrenaica (N.A. Laskuarain, pers. obs.). In general, Q. robur inhabits montane and colline areas where summer precipitation is higher than 200 mm, while Q. pyrenaica dominates in continental subMediterranean areas with summer precipitation above 100 mm.
The study sites correspond to Parque Natural del Señorío de Bértiz (mesic site, hereafter ME) and Parque Natural de Izki (xeric site, hereafter XE) ( Table 1 ). The ME site experiences humid climate with mean precipitation during the growing season (May-September) of 445.87 ± 123.73 mm and growing season temperature of 19.06 ± 0.92°C, whereas the XE site experiences more continental and drier conditions with 242.16 ± 81.08 mm of mean precipitation and mean temperature of 17.16 ± 0.86°C during the same months (Figure 1 ). At ME, Q. robur and Fagus sylvatica L. are the dominant tree species, whilst in XE, Q. pyrenaica is the dominant tree species. Management practices are unlikely to have occurred in the study sites during the study period given that we did not find periods of growth release (see Figure S3 available as Supplementary Data at Tree Physiology Online). Soils at both sites are siliceous, lithosols at ME originated from shales and schists, and cambisols at XE originated from sandstone.
Climate data
The monthly climate (mean temperature and total precipitation) of the closest stations to each study site were selected according to the available data considering the 1960-2008 period: Doneztebe-Santesteban (43°07′ 51′ N, 1°40′ 08′ W, 140 m above sea level (a.s.l.)) located at 5 km from the ME site ( Figure 1a ) and Sta Cruz de Campezo (42°40′ 19′ N, 2°21′, 52′ W, 580 m a.s.l.), situated at 13 km from the XE site ( Figure 1b) . Monthly precipitation records from Arcaute station, at 24 km, and temperature records from Gasteiz-Vitoria station, at 26 km, were used for the correlation analyses for XE given the heterogeneous climate data with gaps found in Sta Cruz de Campezo. Sunshine duration data (number of accumulated hours of sun) was obtained from Sánchez-Lorenzo et al. (2007) , using data from the San Sebastián (ME site, at 39 km) and Pamplona (XE site, at 72 km) stations. We further calculated a drought index defined as the ratio between precipitation and potential evapotranspiration (P/PET) using the Thornthwaite method to calculate PET, with lower values indicating greater water shortage. Principal component analysis was conducted using the 'vegan' package (Oksanen et al. 2013) to evaluate the shared variance of the growing season climate variables (temperature, precipitation, P/PET and sunshine duration from May to September) and to prevent collinearity when including them in the mixed-models. We kept the first two principal components (PC1 and PC2) since they accounted for more than 90% of the variance. Although growth might be mostly finished by September, we decided to include this month given the existing literature reporting that both species may extend their growing season until autumn (Pérez-de-Lis et al. 2017 ).
Field sampling and dendroecological methods
Between 13 and 18 dominant individuals per species and site (n = 61 trees) were selected in spring and sampled in winter 2008-09. We paid special attention to avoid sampling hybrids by selecting trees whose morphological traits clearly corresponded to each species (Viscosi et al. 2009 ). Two to three cores were collected at 1.3 m from each tree using an increment borer. The diameter at breast height (dbh) was measured at 1.3 m and each individual was tagged. The cores were dried at ambient temperature and glued into wooden mounts with the ring boundaries and the transversal vessel lumens in vertical position to be clearly visible. All wood samples were prepared following standard dendrochronological methods and visually cross-dated (Fritts 1976 ). Tree-ring width was measured at a precision of 0.01 mm using a LINTAB measuring system (Rinntech, Heidelberg, Germany), separating earlywood and latewood. Cross-correlations between individual series and a reference mean chronology were calculated using the COFECHA program to check the visual cross-dating (Holmes 1983) . For each tree, the trend of decreasing ring width with increasing tree size was removed by converting radial increment into basal area increment (BAI) using the formula:
where r is the tree radius and t is the year of tree-ring formation.
Wood anatomy
A subsample of 10 individuals was selected per species and site for wood-anatomical analyses (n = 40 trees). The considered period was 1960-2008 to avoid possible ontogenetic effects of juvenile wood that often has vessels with smaller lumen areas (e.g., Carrer et al. 2015) . We focused on earlywood vessels as latewood vessels have a low contribution to total vessel area and hydraulic conductivity in ring-porous species (Fonti and GarciaGonzalez 2004) . The measurement of vessel features was performed on images of the transversal wood surface along a tangential area 4.5 mm wide since it provides a representative Table 1 . Main characteristics of the study sites and trees. The mean age and dbh of the study species (Q. robur and Q. pyrenaica) are provided for each site. Significant differences are indicated with different letters. Abbreviations of the dominant woody species at each site are: Ac, Acer campestre; Ag, Alnus glutinosa; Bp, Betula pendula; Ca, Corylus avellana; Fs, Fagus sylvatica; Ia, Ilex aquifolium; Qr, Quercus robur; Qp, Quercus pyrenaica; Sa, Salix atrocinerea; Tp, Tilia platyphyllos. Tree Physiology Online at http://www.treephys.oxfordjournals.org selection of vessels for investigating their climatic response (García-González and Eckstein 2003) . Two cores per tree were captured at 2048 × 1536 resolution and 16-20× magnification using a stereomicroscope (MZ12.5 Leica, Heerbrugg, Switzerland) attached to a digital camera (Leica DFC290). Prior to image acquisition, each cross-dated core was cleaned with pressurized air. Then, the cores were colored black using a marker pen and rubbed with white chalk to fill the vessel lumina with chalk powder to improve the contrast of vessels (Alla and Camarero 2012) . The transversal area of 38,076 and 33,684 vessels of Q. robur and Q. pyrenaica, respectively, were measured using the WinCell PRO version 2010a software (Régents Instruments Inc., Québec, Canada) and considering a minimum threshold of 0.001 mm 2 (Alla and Camarero 2012) .
A set of selected vessel features (lumen cross-sectional area, number of vessels) were obtained in the earlywood from each ring for the common period 1960-2008. Vessel density (VD) was calculated as the ratio between the number of vessels and the total analyzed area. A hydraulically weighted diameter (D h ), proportional to the xylem hydraulic conductivity, was calculated assuming that the vessel cross-sectional shape was circular and following the Hagen-Poiseuille law as in Sperry et al. (1994) :
where d is the vessel diameter. We further calculated the theoretical specific hydraulic conductivity (K s , kg m -1 MPa -1 s -1 ) according to the equation from Tyree and Ewers (1991) 
where d is the vessel diameter (m), n is the number of vessels, ρ is the density of water at 27°C (998.21 kg m -3
), ŋ is the dynamic viscosity of water (1.002 × 10 -9 MPa s) and A image is the area of the picture.
Stable carbon and oxygen isotopes
For stable isotope analysis, a subsample of five individuals per species and site (n = 20, also considered for anatomy and growth measurements) were selected, and the period 1960-2008 was analyzed. We carefully separated the latewood under the binocular for each tree ring using scalpels. The wood samples were milled to a fine powder using a ball mill (Retsch ZM1, Retsch, Haan, Germany). We opted for analyzing all compounds of the latewood instead of cellulose alone because in several tree species, including oaks, high correlations of wood and cellulose samples for carbon and oxygen isotopes have been reported (Borella et al. 1998 (Borella et al. , 1999 Following , we estimated the intrinsic water-use efficiency (iWUE) using the equation:
where A is the rate of net photosynthesis, g s is the stomatal conductance to H 2 O, c i is the intercellular CO 2 concentration, c a is the ambient air CO 2 concentration, and 0.625 reflects the ratio of CO 2 and H 2 O diffusivity. To determine c i , we used the following equation proposed by Francey and Farquhar (1982) :
where Δ 13 C is the isotope discrimination as in Eq. (4), a is the diffusion fractionation across the boundary layer and the stomata (4.4‰), and b is the Rubisco enzymatic biologic fractionation (27.0‰). The long-term c a and atmospheric δ 13 C from 1971 to 1994 were obtained from McCarroll and Loader (2004) . Additional data for c a and δ 13 c a were taken from the Earth System Research Laboratory web site (http://www.esrl.noaa. gov/gmd/about/aboutgmd.html).
Statistical analyses
We performed linear mixed-effect models to test for differences in every xylem trait (BAI, D h , VD, K s , δ
18
O and iWUE) in response to the following potential explanatory variables (fixed effects): diameter at breast height (dbh), time (year) and the two main axes obtained from the principal component analysis (PCA) as continuous variables, together with the species (Q. robur and Q. pyrenaica) and site (XE and ME) factors and their possible interactions. The BAI and VD data were log-transformed to achieve normality assumptions. Tree was considered a random factor on the intercept and first-order autocorrelation was considered in each model. All trees sampled for each species and site were used considering the common period 1960-2008. A multiple model selection procedure based on the second-order Akaike Information Criterion (AICc) allowed selection of the best (most parsimonious) models with fixed factors explaining each response variable. We also calculated the Akaike weights, which can be interpreted as conditional probabilities that the given model is the best model, and the marginal (R 2 m) and conditional (R 2 c) variances explained by the fixed factors alone, and the fixed and random factors, respectively (Nakagawa and Schielzeth 2013). We followed a bootstrap approach to estimate the uncertainty of the parameters in linear
Tree Physiology Online at http://www.treephys.oxfordjournals.org mixed-effects models. Linear regressions were conducted to test for associations among xylem traits using the maximum possible number of trees per pairs of traits (n = 10 trees for growth and anatomy data; n = 5 trees for isotope data). We calculated the coefficient of variation (%) as the ratio of the standard deviation to the mean for each study trait and species at both sites, and twoway ANOVAs were conducted to assess significant differences in their variability. All the statistical analyses were conducted using the R language version 3.1.1. (R Development Core Team 2014) and the packages 'nlme' (Pinheiro et al. 2000) and 'MuMIn' (Bartoń 2013) were used for mixed models and model selection based on information criteria.
Results
Trends and shared variance of climate variables
Rising temperatures were observed during the growing season only at the XE site where temperatures were overall lower than at ME. The latter site did not experience significant warming trends (Figure 1c and d) . The PCA led to two main components, together explaining 93.3% of the climate variation: PC1 (explaining 68.5% of the variation) showed positive loadings for the drought index P/ PET (0.52) and precipitation (0.57) during the growing season and negative loadings (-0.55) for the number of sunshine hours (hereafter precipitation-axis); whilst PC2 (24.8%) was mainly represented by the growing-season temperature (0.84; hereafter temperature-axis, see Figure S4 available as Supplementary Data at Tree Physiology Online).
Comparing tree features, mean trait values, trends and variability between sites and species
Trees at ME were larger (dbh = 62.9 ± 2.14 cm) than those at XE (dbh = 48.9 ± 1.09 cm) considering both oak species (t = −5.11; P < 0.0001), despite trees had similar mean ages (mean range of 102−128 years, Table 1 ). While dbh for Q. robur trees at ME was greater than that for Q. pyrenaica, individuals of both oak species had similar dbh at XE (Table 1) .
Comparing sites, Q. robur had greater BAI and lower VD at ME than at XE (Figure 2a and c, and Figure 3 ), but similar iWUE, δ 18 O, K s and D h at both sites (see Table S1 available as Supplementary Data at Tree Physiology Online). Instead, Q. pyrenaica showed similar mean trait values at both forests except for iWUE, which was greater at XE (Figure 2d ) due to higher increasing trends in the last years (Table 2 and Figure 4c ) than at ME. Within each site both species showed similar D h , K s , δ Table S1 available as Supplementary Data at Tree Physiology Online). The only difference between species corresponded to Q. robur at ME growing more than Q. pyrenaica and having greater VD at both sites (Figure 2a and c) .
Temporal trends were important to explain the variability of all study traits (Table 2 ). For instance, apart from larger individuals having greater growth, BAI depended on the interaction site × sp × year with Q. pyrenaica showing overall stable trends and Q. robur stable trends at ME but lower and increasing trends at XE (Table 2 and Figure 3a and b) . For all the anatomical traits we found a significant site × year interaction, were D h and K s tended to increase and VD to decrease only at XE (Table 2 and Figure 3c -h) for both species. K s also experienced differences among species, with Q. robur having decreasing values at ME (Figure 3g and h ). Lower K s was also found for larger individuals (Table 2) . Regarding δ 18 O and iWUE, general increasing trends over time were found that were more important at XE for the two study species (Table 2, Figure 4) . Among all the study traits, BAI was by far the most variable with Q. robur having greater variability than Q. pyrenaica (see Figure S5 available as Supplementary Data at Tree Physiology Online).
Climate effect on tree performance
All wood traits were affected by both principal components representing growing season climate conditions (precipitationaxis, PC1, with higher scores pointing to wet conditions and low radiation, and temperature-axis, PC2, with higher scores corresponding to warmer growing-season temperatures). An exception was found for δ 18 O, which only depended on the precipitation-axis (Table 2) . Regarding the effects of climate on BAI, the significant interaction PC2 × site × species (Table 2) indicated that warmer temperatures during the growing season are related to greater BAI at XE (the driest but also the coldest site) for both species and only slightly at ME for Q. pyrenaica (see Figure S6 available as Supplementary Data at Tree Physiology Online). In relation to the anatomical variables, we found that in recent years the greatest D h and K s and the lowest VD were found under warmer conditions during the growing season (Table 2 ; see Figure S7 available as Supplementary Data at Tree Physiology Online as an example for K s ). The δ
18
O was mostly dependent on the precipitation-axis with greater sunshine hours and lower water availability leading to higher δ 18 O values (Table 2 ). The iWUE was greatest during warm growing seasons combined with dry and sunny conditions (see Figure S8 available as Supplementary Data at Tree Physiology Online). Finally, we also found significant effects of temperature-axis × species, with Q. pyrenaica increasing its iWUE under warmer conditions, a response that we did not observe for Q. robur considering both sites together (see Figure S9 available as Supplementary Data at Tree Physiology Online).
Relationships among traits
Overall, we found the covariation among the study traits to be more important at XE than at ME. Growth was positively related to higher K s for Q. pyrenaica at XE (Figure 5a ). Greater BAI was found during years with higher iWUE at ME for Q. pyrenaica (non-significant for Q. robur, Figure 5b ). Enhanced iWUE also led to greater BAI for both oak species at XE, albeit this relationship was not linear, and the years with the highest iWUE were related to reduced BAI, an association that was more pronounced for Q. robur (Figure 5b ). The iWUE increases were associated to higher δ 18 O for both species and sites, which was more important again at XE (Figure 5c ).
Discussion
Inter-and intra-specific oak performance at contrasting local environments
Tree populations at the center of their climatic distribution ranges are expected to have high relative fitness (Savolainen et al. 2007 ). Accordingly, we found that the more droughtsensitive species, Q. robur, presented significantly higher growth rates at the mesic site (ME, i.e., close to the center of the precipitation range), which would presumably lead to higher long-term performance (e.g., Hereford 2009) than at the xeric site (XE, closer to the dry limit). However, the higher growth at ME than at XE was not found for Q. pyrenaica. Likewise, Pérez-de-Lis et al. (2017) found higher productivity for Q. robur due to longer growing seasons compared with Q. pyrenaica. Alternative explanations could be related to Q. robur having higher photosynthetic capacity through greater leaf area than more drought-adapted ) water-use efficiency, iWUE. Significant differences are indicated with low-case letters for Q. robur and capital letters for Q. pyrenaica. Significant differences between species within each site are indicated with an asterisk (see Table S1 available as Supplementary Data at Tree Physiology Online for values). Table 2 . Results from the linear mixed-effect models evaluating the effects of diameter at breast height (dbh), time (year), site, species (sp), the two climate axes (precipitation-axis or PC1, related to more precipitation and less sunshine duration, and temperature-axis or PC2 linked to warmer temperatures during the growing season) and their interaction on wood traits. These were radial growth (BAI), earlywood anatomy (D h , hydraulic diameter, VD, vessel density and K s , theoretical-specific hydraulic conductivity) and isotopic related variables (oxygen isotopic composition, δ 18 O and water-use efficiency, iWUE). The data were analyzed for the period 1960-2008 and all trees were considered per site and species. Tree was considered a random factor. A multiple model selection procedure based on the second-order AICc allowed selecting models with fixed factors explaining each response variable. The F-value of the ANOVA table and the P-value is shown for the fixed effects that were included in the best model. Bold characters indicate significant effects (P < 0.05). oak species (Peguero-Pina et al. 2016 ). However, given that growth is mainly sink driven, we believe that higher photosynthetic capacity might not be entirely responsible for these results. In addition we propose that Q. robur is able to take advantage of high water availability and warm temperatures at ME to grow more than its coexisting oak species through higher cambial activity (Delpierre et al. 2016) . Accordingly, the lower Q. robur growth at XE could be explained by cooler temperatures during the growing season at this site. We acknowledge that some of the observed differences among species at each site (D h ) ; (e, f) vessel density in the earlywood (VD) and (g, h) theoretical specific conductivity, K s for Q. pyrenaica (a, c, e, g) and Q. robur (b, d, f, h) trees at the mesic (ME) and xeric (XE) sites. Symbols and error bars indicate means ± SE, respectively.
Tree Physiology Online at http://www.treephys.oxfordjournals.org could be driven by other non-climatic factors that were not considered in this study such as stand structure, soil nutrient availability and/or biotic interactions. The more drought-tolerant Q. pyrenaica was expected to have better performance under xeric conditions given, for example, its greater resistance to embolism (Cochard et al. 1992 , Corcuera et al. 2006 ) than Q. robur. While it was not the case for growth, Q. pyrenaica was able to adjust its iWUE showing increased values at the XE site compared with lower iWUE at ME. These results highlight the capacity for this species to improve water-use efficiency, which could provide greater fitness and a higher tolerance to the ongoing warming conditions (Kimball et al. 2012) .
Having greater vessel lumen area could confer the study species with an advantage at the mesic site where the risk of drought-induced cavitation is likely low. In contrast, the formation of narrower vessels (safer hydraulic system with lower theoretical hydraulic conductivity) at the xeric site could be expected as a response to water shortage and cold conditions (e.g., Sperry 2003 , Hacke et al. 2006 , Gea-Izquierdo et al. 2012 . However, differences between XE and ME regarding D h and K s were not significant, implying a limited plasticity of xylem traits related to vessel lumen area (Camarero and Carrer 2017) . The VD, however, was significantly higher at XE than at ME for Q. robur, counteracting the slightly lower hydraulic diameter found for this species.
Acclimation to changing conditions and trait relationships with climate
The temporal trends and the variations between sites were highly relevant for explaining the variability of all study traits. Growth is commonly expected to increase at the leading edges of the species distribution but to decrease at the rear edge under warmer conditions (Rehfeldt et al. 2001) , although changes in atmospheric composition (e.g., increases in CO 2 concentration and nitrogen deposition) could lead to contrasting results. However, our findings indicate that Q. robur is not decreasing growth at the XE site, representing its rear edge at the dry limit (see Figure S2 available as Supplementary Data at Tree Physiology Online). These results suggest that Q. robur growth dynamics in similar transitional Mediterranean areas might remain stable under current climate conditions (Hampe and Petit 2005) . In fact, the highly variable growth for Q. robur trees suggests that growth is mainly related to the high inter-annual climate variability and that it is able to be adjusted, likely due to pure physical effects related to xylogenesis. Greater growth was found with warmer temperatures during the growing season, especially at XE, contrary to what one could expect from a xeric site. Nonetheless, XE had colder temperatures during the growing seasons than ME, and these results suggest that warmer temperatures in cool sites stimulate cambial activity and xylem differentiation (Perez-de-Lis et al. 2016) .
General increasing trends in D h , K s and decreasing VD trends were observed in trees from XE but not from ME, which were more pronounced under warmer temperatures in recent years. These findings are contrary to other studies reporting little effect of warming on wood anatomical traits (Fonti et al. 2013 ). We discard a strong ontogenetic effect on vessel size given that (i) our study trees were older than 100 years and that (ii) increasing trends of conduit size were not found at ME, where the individuals were larger (especially Q. robur, which experienced D h stable trends and decreasing K s ). However, we cannot rule out the increment in tree height with ontogeny as an underlying driver of the increasing trends in hydraulic diameter from the pith outwards (Carrer et al. 2015) at XE. Alternatively, we propose that a significant part of the trends in xylem anatomical traits are modulated by climate conditions (Alla and Camarero 2012, Gea-Izquierdo et al. 2012) . For instance, our results are consistent with a longer duration of earlywood vessel expansion with Tree Physiology Online at http://www.treephys.oxfordjournals.org warmer conditions in recent decades leading to larger and fewer vessels. Perez-de-Lis et al. (2016) also attributed the variability in vessel lumen areas to changing xylem differentiation. In our case, longer cambial differentiation could occur for both oak species if an earlier onset of growth resumption takes place under warmer temperatures at XE, which is colder than ME. This idea could be tested through long-term phenological monitoring of leaf flushing and cambial activity (xylogenesis) or complementing that information using phenological proxies derived from remote-sensing data.
Both oak species showed similar physiological performance inferred from stable isotopes. Such a finding is contrary to expectations given that Q. robur is a temperate species commonly thought to be more sensitive to warm and dry conditions than the sub-Mediterranean Q. pyrenaica (Sánchez de Dios et al. 2009 ). Instead, both species increased their latewood δ 18 O with time, more stepwise than linearly, which could be interpreted as leaf water 18 O enrichment due to decreased stomatal conductance (g s ) in recent decades (Yakir and DeNiro 1990 , Scheidegger et al. 2000 , Barbour et al. 2002 , Grams et al. 2007 . Although δ 18 O changes in the wood can be driven by other mechanisms (Roden et al. 2000) our suggestion is reinforced by the fact that such δ 18 O increases were strongly related to reduced precipitation and longer sunshine duration during the growing season, which are known to have a strong effect on g s (Farquhar and Sharkey 1982) . These findings together with similar inter-specific iWUE increases being more notable at the xeric site, where temperatures are increasing, indicate physiological acclimation to the new climate and atmospheric conditions for the two study oak species.
Associations between growth and xylem traits under xeric and mesic conditions
Overall, we found the study traits to be more correlated at the xeric site as expected due to greater responses to drought (Gianoli 2004) . For instance, we observed higher growth for trees with greater K s , which could be related to a more efficient water supply to the leaves (Santiago et al. 2004 , Brodribb et al. 2007 ). However, given that significant results were only found for Q. pyrenaica at XE, it could also be due to warmer climate at this site favoring both growth and wider vessels. The strongest relationship found between pairs of traits was detected for iWUE and δ
18
O at XE. These results are coherent with iWUE increases being partially driven by g s reductions as a strategy towards avoiding excessive water loss at this drier site, which is experiencing rising temperatures. The positive relationship was less pronounced at ME where photosynthetic rates seem to contribute more than g s to the iWUE increase. In fact, the warm temperatures combined with more humid conditions at ME could favor higher net photosynthesis and meristematic activity compared with XE, which also agrees with growth and iWUE being positively related at ME. At XE, improved assimilation could explain the increasing BAI until an iWUE threshold (~85 μmol mol -1 ), after which higher iWUE tended to reduce growth, likely a consequence of stomatal closure controlling the iWUE increases (Farquhar et al. 1989 ). This would explain the slight BAI reductions under the highest iWUE values at the xeric site and the lack of growth reductions at the mesic site where the iWUE values never surpassed 85 μmol mol -1 . Other authors have evidenced BAI reductions linked to stomatal closure (Hartl-Meier et al. 2015) , although in our case the growth reductions were punctual and corresponded to adverse climatic conditions (Rita et al. 2016) , and not to a longterm decline. This agrees with a strategy of plastic short-term responses to the environment without an evident impact on long-term fitness.
Conclusions
Overall, the observed responses of oak species to the local environment were highly trait-dependent. Trees from the two coexisting oak species increased their stomatal closure and iWUE in recent years, especially at the xeric site. Lower precipitation and higher sunshine duration during growing season strongly increased δ 18 O. In general, the study traits were more correlated at the xeric site. Our results indicate that populations of both oak species show high acclimation capacity given the temporal adjustment of specific traits that might allow them to buffer the future expected climate (e.g., warmer temperatures) and atmospheric changes (e.g., increased atmospheric CO 2 ). Except for δ 18 O, temperature (PC2) was the most important climatic variable explaining the variability of the different wood traits. Given that temperature was found to increase at XE, the driest and coldest site, we can predict that BAI would keep increasing in this site, that K s and D h could also increase at the expense of building a lower number of conduits (until a threshold to avoid excessive cavitation) and that iWUE might increase under warmer conditions in years of low precipitation, and decrease when warm-wet conditions prevail. Nonetheless, it is unclear whether these predictions would hold at sites that are both xeric and relatively warm. The ability for xylem adjustments, especially for growth, point towards the stability of similar populations, including the more drought-sensitive Q. robur rear-edge populations under comparable warm climate.
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